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Crystal Structure of a Human Rhinovirus
that Displays Part of the HIV-1 V3 Loop
and Induces Neutralizing Antibodies against HIV-1
the insertion of the gp41 fusion peptide into the target
cell membrane and subsequent entry of the virus core
into the cytoplasm (reviewed in [9]).
Interest in targeting the V3 loop for AIDS vaccine de-
velopment arose from its ability to elicit antibodies capa-
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Department of Chemistry and Chemical Biology ble of neutralizing tissue culture laboratory-adapted
(TCLA) strains of HIV in animals [10–13] and the majorityRutgers, The State University of New Jersey
679 Hoes Lane of HIV-1-infected people [14]. In addition, passive immu-
nization studies in animals demonstrated that mono-Piscataway, New Jersey 08854
2 Laboratory of Proteomics clonal antibodies (mAbs) directed against the V3 loop
could provide protection from challenge with HIV [15–Institute of Biochemistry and Cell Biology
Shanghai Institutes for Biological Sciences 18]. However, the immune responses to the V3 loop
proved to be quite type specific (e.g., [19, 20]), andChinese Academy of Sciences
320 Yue-Yang Road primary isolates of HIV-1 were unexpectedly less sensi-
tive to neutralization by V3 loop antibodies (as well asShanghai 200031
China by antibodies directed toward other epitopes [21, 22]).
The apparent insensitivity of primary isolates to neutral-
ization by V3 loop and other antibodies remains poorly
understood, but it is encouraging to note that a numberSummary
of new V3 loop-directed mAbs can sensitively neutralize
diverse primary isolates of HIV-1 (M.K. Gorny and S.We report the 2.7 A˚ resolution structure of a chimeric
rhinovirus, MN-III-2, that displays part of the HIV-1 Zolla-Pazner, personal communication) suggesting that
it should be possible to elicit effective neutralizing anti-gp120 V3 loop and elicits HIV-neutralizing antibodies.
The V3 loop insert is dominated by two type I  turns. bodies in vivo using appropriate immunogens.
There is no experimental structure of the V3 loop inThe structures of two adjacent tripeptides resemble
those of analogous segments in three Fab/V3 loop its entirety. The crystallographic structures of two gp120
“core” proteins (one from a TCLA isolate and one frompeptide complexes. Although two of the three corre-
sponding antibodies bind and neutralize MN-III-2 well, a primary isolate, both lacking the V3 loop) complexed
with the two N-terminal domains of CD4 and an Fabonly one of the three can bind without significant re-
arrangement. These results suggest that the V3 loop fragment of human mAb 17b revealed that the V3 loop
emanates from two antiparallel  strands of a  sheet oninsert: (1) can share some local conformational simi-
larity to V3 loop sequences presented on different the outer surface of gp120 [7, 23]. Numerous structural
studies have been performed on the apical 10–20 resi-structural frameworks; (2) must be able to adopt multi-
ple conformations, even in a relatively constrained en- dues of this 30 residue loop, including linear and con-
strained presentations, some of which were bound tovironment; and (3) may mimic the conformational vari-
ability of the epitope on HIV-1, increasing the likelihood Fab fragments. While solution NMR studies have shown
that V3 loop peptides by themselves are largely disor-of eliciting appropriate neutralizing immune re-
sponses. dered in solution, there are some reports of ordered
conformations (e.g., [24–31]). More consistent struc-
tures have been observed crystallographically using lin-Introduction
ear and constrained peptides complexed with Fab frag-
ments [32–35]. The combination of these resultsThe third variable (V3) loop of the HIV-1 envelope glyco-
protein gp120 plays an essential role in HIV-1 infection suggests that the V3 loop is endowed with inherent
conformational flexibility.and tropism. The V3 loop appears to undergo a critical
conformational change when gp120 binds to the primary We have been engineering the cold-causing human
rhinovirus type 14 (HRV14) to display immunogens fromcellular receptor, CD4, resulting in and specifying the
formation of one or more cellular chemokine corecep- foreign pathogens on their surface to serve as potent
and effective stimulators of immune responses againsttors, particularly the CCR5 [1–5] and CXCR4 [1, 6] core-
ceptors. Coreceptor formation is thought to be derived the corresponding pathogens. As with other picornavi-
ruses, the 300 A˚ diameter capsids of rhinoviruses con-from the juxtaposition of parts of the V3 loop with the
so-called bridging sheet at the base of the V1/V2 loops sist of 60 symmetry-related protomers, each comprising
one of each of the viral coat proteins (VP1-VP4; [36]).[7, 8], promoting the tripartite association of gp120, CD4,
and coreceptor. This association is presumed to cause Due to the roles of the V3 loop in viral infection and
immunity, we have generated HRV14 chimeras that dis-the dissociation of the transmembrane gp41, promoting
play V3 loop sequences on their surfaces. Large libraries
of chimeric HRV14:HIV-1 viruses have been generated3 Correspondence: gfarnold@cabm.rutgers.edu (G.F.A), arnold@
cabm.rutgers.edu (E.A.)
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vaccine; virus structureEast, Beltsville, Maryland 20705.
Structure
1000
Table 1. Summary of Diffraction Data and Structure Refinement
Statistics of diffraction data
Number of crystals 2
Number of images (source) 265 (BNL), 122 (CHESS)
Temperature (C) 165
Space group I222
Cell parameters a, b, c (A˚) 318.9, 349.3, 368.4
Resolution range (A˚) 50.0–2.7
Number of observed reflections 7,100,958
Number of unique reflections (I/  0) 513,239
Completeness (%) (2.8–2.7 A˚ shell) 92.4 (81.6)
Rmergea (%) (2.8–2.7 A˚ shell) 11.4 (21.2)
Statistics of refinement and model
Resolution range (A˚) 50.0–2.7
Number of reflections (Fo  2(Fo)) 513,239 (494,360)
Completeness (%) (2.8–2.7 A˚ shell)
All data 92.4 (81.6)
Data with Fo  2(Fo) 89.0 (73.1)
R factorb (%) (2.8–2.7 A˚ shell)
All data 22.0 (28.7)
Data with Fo  2 (Fo) 21.6 (27.4)
Number of residues 829
Number of
Nonhydrogen atoms 7117
Protein atoms 6459
Sphingosine atoms 21
Water atoms 637
Average B factor (A˚2) 18.4
Protein main chain atoms 15.7
Protein side chain atoms 17.0
Sphingosine atoms 34.1
Water atoms 37.9
Rms bond lengths (A˚) 0.01
Rms bond angles () 1.0
Rms dihedral angles () 26.7
Rms improper angles () 1.7
Ramachandran plot (%)
Most favored regions 84.5
Allowed regions 15.0
Generously allowed 0.6
a Rmerge  ||Io|  	I|/	I
b R factor  ||Fo|  |Fc||/|Fo|
using combinatorial mutagenesis, whereby the foreign observations of different conformations of the V3 loop
region seen to date. Antibody binding and neutralizationsequences are inserted into surface loops flanked by
linkers of variable length and sequence. A library of such studies, combined with attempts at docking the struc-
ture of the MN-III-2 virus with the Fab fragments ofviruses will display the foreign sequence with diverse
presentations, some of which may resemble those found three V3 loop peptide/Fab complexes, revealed that the
inserted V3 loop segment of the chimeric virus muston HIV. Chimeric viruses that display the foreign se-
quence in appropriate conformations are immunosel- undergo significant conformational changes to interact
with two of the three antibodies.ected using anti-HIV-1 V3 loop antibodies. This method-
ology has been used to identify numerous HRV14:HIV-1
V3 loop chimeric viruses capable of eliciting the produc- Results and Discussion
tion of antisera with anti-HIV-1 neutralizing activity [37,
38] and may ultimately prove useful for generating AIDS Structure Overview
The HRV14:HIV-1 V3 loop chimeric virus MN-III-2 con-vaccine components.
To gain insights into the structural basis of the antige- sists of the entire HRV14 structure plus an insertion of
12 amino acids of the immunogenic gp120 V3 loop ofnicity and immunogenicity of the V3 loop of HIV-1, we
have been using X-ray crystallography to determine the HIV-1MN (IGPGRAFYTTKN) flanked on the N-terminal
side by the randomized linker ADT [38]. The insertionstructures of HRV14:HIV-1 V3 loop chimeric viruses. We
present here the crystal structure of an immunogenic was made between Ala159 and Asn160 of the VP2 puff
[39] of the neutralizing immunogenic site II (NIm-II). ThisHRV14:HIV-1 V3 loop chimeric virus, designated MN-
III-2, at 2.7 A˚ resolution. Determination of this structure region is highly solvent exposed and capable of eliciting
neutralizing antibodies directed against HRV14. Due torevealed regions of local conformational similarity
among V3 loop sequences presented in different con- the symmetry of the viral capsid, the insertion is dis-
played in 60 copies on the surface of HRV.texts. This similarity is striking in light of the numerous
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Figure 1. Portion of the Averaged SIGMAA-
Weighted 2mFo-Fc Map at 2.7 A˚ Resolution
(1.2 Level) in the Region of the V3 Loop In-
sertion of the MN-III-2 Chimeric Virus
The structure of the V3 loop and N-terminal
linker sequence is shown as a stick model.
The blue map was calculated using coordi-
nates of the final model of the MN-III-2 struc-
ture. The quality of the electron density corre-
sponding to most of the viral protein shell
structure is better than that shown for the V3
loop insert, presumably because the latter is
surface exposed and has a relatively flexible
structure.
The crystal structure of the HRV14:HIV-1 V3 loop VP1-VP4, respectively, and “NNN” represents the num-
ber of the amino acid residue in the viral protein). TheMN-III-2 chimeric virus has been determined at 2.7 A˚
resolution using the molecular replacement method with conformation of the region affected in VP1 is similar to
that observed when antiviral agents are bound to HRV14the wild-type HRV14 structure (PDB entry 4RHV) as the
starting model. Structure refinement of the final atomic [43]. This would suggest that the observed changes in
VP1 are likely to be associated with the unexpectedmodel converged to an R factor of 0.216 for 494,360
reflections (89.0% completeness) with Fo  2(Fo) be- presence of a bound sphingosine molecule (described
below in Structure of the Sphingosine Pocket Factor).tween 50.0 and 2.7 A˚ resolution and an R factor of 0.220
for all 513,239 reflections with Fo  0(Fo) (92.4% com- Electron density was evident at the N terminus of
VP1, allowing the visualization of 9 amino acid residuespleteness). All atoms were refined with restrained indi-
vidual isotropic temperature factors and full occupancy (1007–1015) that had not previously been observed in
the HRV14 structure. The first 6 residues of VP1 remainexcept for the water molecules located at the icosahe-
dral 2-fold, 3-fold, and 5-fold axes. Regions with the disordered. Otherwise, modifications of main and side
chain conformations were made only in a few solvent-highest B factors are on the surface and solvent ex-
posed. The mean error in atomic positions was esti- exposed surface loop regions based on electron density
maps, including residues 1207–1212 of VP1 and 3178–mated by the Luzzati method [40] to be 0.25 A˚. Protein
stereochemistry was analyzed using the programs 3184 of VP3, and the N-terminal residues 4029–4031 of
VP4. The loop regions of the viral proteins are not asX-PLOR [41] and PROCHECK [42]. The RMS deviations
of bond lengths and angles for the final model are 0.01 A˚ tightly constrained as the core  barrels of the viral
proteins and can tolerate greater structural variation andand 1.0, respectively. Analysis of protein main chain
conformation shows 99.5% of amino acid residues in flexibility.
As in the structures of HRV14 [44], HRV1A [45], HRV16the most favored or allowed regions of the Ramachan-
dran plot; no amino acid residues are located in the [46], poliovirus type 2 Lansing (PV2L) [47], and bovine
enterovirus (BEV) [48], the structure of MN-III-2 has sig-disallowed region of the Ramachandran diagram. A
summary of the diffraction data collection and structure nificant residual electron density at several locations in
the channel along the 5-fold axis. In the MN-III-2 struc-refinement statistics is given in Table 1. Figure 1 shows
a representative portion of an averaged SIGMAA- ture, these electron density peaks have been assigned
as water molecules. It appears that there are four waterweighted 2mFo-Fc map at 2.7 A˚ resolution in the region
of the insertion in the VP2 puff. molecules located close to the interior of the viral coat
protein along the 5-fold axis and three water moleculesThe overall structure of the MN-III-2 chimeric virus is
similar to that of the wild-type HRV14 structure. Super- near the exterior of the viral coat protein along the 5-fold
axis. These water molecules interact with the amino acidposition based on all C
 atoms reveals RMS deviations
of 1.2 A˚ for VP1 (273 C
 atoms), 0.6 A˚ for VP2 (255 C
 residues of the viral proteins either directly or via water
molecules with normal geometry. It has been suggestedatoms, excluding the V3 loop insert), 0.7 A˚ for VP3 (236
C
 atoms), and 0.7 A˚ for VP4 (40 C
 atoms), respectively. that one of these electron density peaks corresponds
to a metal ion that is coordinated by oxygens from 5-foldThe most significant structural differences occur: (1) at
the site of the V3 loop insertion, between residues 2155 NCS-related asparagines (in PV2L) or threonines (in BEV)
as well as a water molecule. There have been sugges-and 2165 of the VP2 puff, and (2) in a loop of VP1 on
the surface in the canyon including residues 1213–1224 tions that metal ions are involved in the life cycles of
several icosahedral viruses [49, 50].(for which the numbering scheme of the viral proteins
and amino acid residues is of the form VNNN, where There is also a flattened, planar piece of residual elec-
tron density near the side chain of Trp2038. Analogous“V” represents the number of the viral protein, 1–4 for
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Figure 2. A Ribbon Diagram Showing the Structure of the HRV14:HIV-1 V3 Loop Chimeric Virus MN-III-2 Protomeric Unit (Consisting of One
Copy Each of the Four Viral Coat Proteins)
VP1, VP2, VP3, and VP4 are shown in blue, green, red, and yellow ribbons, respectively, and the V3 loop insert is highlighted in gold with
side chains [85]. The V3 loop insertion is characterized by three type I  turn structures that fold along the virus surface and interact with the
bulk of the viral protein. A sphingosine molecule can be seen (in red) in a pocket below the receptor binding canyon.
density has been observed in VP2 in the structures of surface. The conserved V3 loop residues, GRAF, consti-
tute the second type I  turn, which protrudes frommany other picornaviruses and has been suggested to
the virus surface and is relatively solvent exposed. Thebelong to a nucleotide base of the genomic RNA [44,
C-terminal residues, TTKN of the V3 loop insert, make47, 51, 52].
the third type I  turn that directs the overall insert back
to the position where it connects with the wild-typeStructure of the V3 Loop Insert
HRV14 structure. The adjacent HRV14 residues, NEVG,The N-terminal ADT linker and V3 loop sequence IGP
are displaced outward relative to their location in theGRAFYTTKN inserted between Ala2159 and Asn2160
wild-type structure to accommodate the insert. For eachhave been numbered Ala-Ins1 to Asn-Ins15, and the
protomer, the insert has a solvent-accessible surfaceresidue numbering of the C-terminal portion of VP2 be-
area [53] of 964 A˚2 (roughly 5% of that of the protomeryond the insert has retained the original numbering of
[54]), which increases the solvent-accessible surface ofAsn2160 and so on. The initial averaged SIGMAA-
each protomer by 672 A˚2. The conformation of the V3weighted 2mFo-Fc maps (using phases computed from
loop insert appears essentially unaffected by the crystal
coordinates of the wild-type HRV14 structure) showed
packing forces.
clear and continuous electron density for most of the
The amino acid residues that constitute the three type
inserted residues. However, there was a discontinuity of I  turns in the V3 loop insert are commonly observed
the density between Gly-Ins5 and Pro-Ins6, and most in their respective positions in type I  turns in protein
of the side chains had relatively poor density. Iterations structures [55], with the exception of the Ile at the third
of structure refinement, modifications of some main position of the first type I  turn (DTIG). Statistical analy-
chain and side chain conformations, and inclusion of ses of type I  turns in protein structures [55] indicate
more than 600 water molecules greatly improved the that at the first position of a type I  turn, Asp is the
structural model. In the averaged electron density maps most likely residue, followed in likelihood by either Gly
calculated using the refined model, the density corre- or Thr. At the i1 position, Thr is significantly preferred,
sponding to the backbone for the entire inserted region followed by Arg. At the i2 position, Ala and Lys occur
is continuous (including between Gly-Ins5 and Pro-Ins6), with typical frequencies; the preference for Ile is rather
and most side chains are well defined (Figure 1). Analysis unusual. At the i3 position, the preference for a Gly
of the main chain conformations reveals that all of the residue is strong and the preference for Asn or Phe
inserted residues occupy favored or allowed regions of is also above average. Thus, the three type I  turns
the Ramachandran plot. With the exception of residue observed in the V3 loop insert are composed almost
Gly-Ins5, which is located in the left-handed 
L region exclusively of residues preferred at type I  turns. This
of the Ramachandran plot (a region primarily available suggests that the three type I  turns observed in MN-
to Gly residues), all other residues are located either in III-2 could be characteristic of the structure of this region
the right-handed 
R region or the  region. in its natural context on the surface of HIV-1.
The entire insert is located on the outer surface of the Most residues of the V3 loop insert make van der
virion and interacts largely with the surface of VP2 and Waals contacts with residues of the viral proteins VP2
a small portion of VP3 (Figures 2 and 3). At the N-terminal (predominantly) and VP3. In addition, several residues of
junction of HRV14 and the inserted linker, the SSAA the V3 loop insert make hydrogen-bonding interactions
residues form a helix-like turn. The DT (from the linker) with residues of VP2 and VP3, other residues of the
and IG (from the V3 loop) residues form the first type I insert, and water molecules (Table 2). At the N terminus
of the V3 loop insert, the main chain amide group of turn, which is nestled in a depression on the virus
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Figure 3. Structural Comparison of Wild-
Type HRV14 (Green) and the MN-III-2 Chime-
ric Virus (Gold) in the B-C Loop of VP2
The insert in the MN-III-2 chimeric virus (N-ter-
minal linker ADT and HIV-1MN V3 loop se-
quence IGPGRAFYTTKN) is bordered by
black bars (joined as a double thickness black
bar in the native HRV14 structure) between
Ala2159 and Asn2160.
Ala-Ins1 makes weak hydrogen bonds with the carbonyl Conformational Flexibility of the V3 Loop
Prior to any structural studies, sequence analysis of thegroup of Pro-Ins6 and the O1 atom of Asp2168 of VP2.
The linker residues DT of the first  turn form several V3 loop predicted a type II  turn conformation [56] for
the GPGR motif. However, the same sequence in otherhydrogen-bonding interactions with the residues of VP3
(Table 2). The side chain O1 atom of Asp-Ins2 makes solved protein structures has been seen to adopt alter-
native conformations, such as a  strand [57], an ex-hydrogen bonds with the carbonyl O atom of Asp3062
and water molecule Wat6386, respectively. The side tended conformation [58], or an undefined turn [59].
NMR studies of V3 loop peptides whose lengths, se-chain O1 atom of Thr-Ins3 makes hydrogen bonds with
the side chain O1 atom of Glu3063 and water molecule quences, and linearity or cyclization are varied have
revealed that the V3 loop peptides by themselves areWat6387, respectively. In the conserved GPGRAF se-
quence, the side chain of the Arg residue is partially generally disordered in solution, but in some cases pref-
erentially adopt specific conformations, including a typeembedded in a hydrophilic pocket on the virus surface
and has extensive hydrogen-bonding interactions with II  turn [60, 61], a combination of type I and II  turns
[24, 26], a helical structure [62], a nonspecific  turnmain chain and side chain atoms of several VP2 residues
as well as water molecules (Table 2). This is reminiscent [63], and a double turn [28] similar to the first two turns
seen in the crystal structure of the Fab 59.1/peptideof the situation with the V3 loop peptide complexes with
Fabs in which the side chain of the Arg residue was complex [33]. NMR studies have also suggested that
glycosylation of the V3 loop peptide may affect its con-buried in deep, negatively charged pockets on the anti-
body surfaces and formed charge-charge interactions formation [27, 30] and that sequence changes can also
affect its conformation [25]. Structural studies of a V3with residues at the antibody-combining sites [33, 35].
At the C terminus of the inserted sequence, the side loop peptide RP135 in complex with an anti-gp120 HIV
neutralizing antibody (0.5) have shown that the appar-chains of the TTKN residues of the third  turn also form
several hydrogen bonding interactions with the residues ent conformations of the peptide differ in solution NMR
[29, 31, 64, 65] and in solid-state NMR [30] and areof VP2 (Table 2). These hydrogen bonds are formed
between the Thr-Ins12 O1 atom and Wat6390, the Thr- also different from those determined in crystallographic
studies [32–35]. Furthermore, solid-state NMR studiesIns13 O1 atom and Wat6376, the Lys-Ins14 N atom
and the Glu2161 O1 atom, and the Asn-Ins15 N2 atom suggest that the GPGR motif adopts an antibody-depen-
dent conformation in the antibody-bound state and mayand the Asn2160 amide N atom. These interactions ap-
pear to stabilize the conformation of the V3 loop insert be conformationally heterogeneous in the unbound
state [30].in this chimeric virus. It is plausible that the extensive
interactions of both the N- and C-terminal linker residues Crystal structures of V3 loop peptides, either linear or
cyclic, bound to Fab fragments of three anti-V3 loop-with the rest of the chimeric viral protein may restrict
the conformation of the conserved V3 loop GPGRAF neutralizing murine mAbs, have been reported [32–35].
In a structure of the Fab fragment of murine mAb 50.1sequence, making it difficult for this segment to inde-
pendently assume the structures characteristic of the complexed with a 16 amino acid V3 loop peptide, the
N-terminal 8 residues are ordered and adopt an ex-V3 loop peptides complexed with antibodies [32–35]. It
is likely that when the chimeric virus interacts with the tended  conformation [32]. The conserved GPG resi-
dues appear to initiate a  turn; the residues C-terminaldifferent neutralizing antibodies, both the V3 loop insert
and the complementarity-determining loops of the anti- to the GPG sequence are disordered. In two structures
of the Fab fragment of murine mAb 59.1 complexed withbodies undergo conformational changes to promote op-
timal recognition and binding. either of two 24 amino acid V3 loop peptides that differ
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complexes indicate that the V3 loop insert in the MN-Table 2. Hydrogen-Bonding Interactions between Atoms of the
V3 Loop Insert in the MN-III-2 Chimeric Virus and Surrounding III-2 chimeric virus adopts a different conformation from
Amino Acid Residues or Water Molecules that seen in the V3 loop peptide/Fab complexes. How-
ever, the GPG and RAF of the V3 loop can be superim-V3 Loop Atoms Target Atoms Distance (A˚) Angle ()
posed as two separate segments among these struc-
Ser2157 N Wat6389 O 3.2
tures (Figure 4). Superposition of the V3 loop insert ofO Gly2074 O 3.1 140
the MN-III-2 chimeric virus onto a variety of V3 loopSer2158 N Asp2155 O 3.6 160
peptides in complexes with Fab 50.1 (PDB entry 1GGI),Ala2159 N Leu2156 O 3.3 167
O Wat6385 O 3.4 Fab 59.1 (PDB entry 1ACY), and Fab 58.2 (PDB entries
Ala-Ins1 N Pro-Ins6 O 3.6 151 1F58 and 2F58) reveal rms deviations for the C
 atoms
O Asp2168 O1 3.5 162 of residues GPG equal to 0.1, 0.4, 1.0, and 1.0 A˚, respec-
Asp-Ins2 O1 Asp3062 O 2.9 151
tively, and rms deviations for the C
 atoms of residuesO1 Wat6386 O 3.0
RAF that were not determined (disordered in the caseThr-Ins3 O Glu3063 O1 3.6 91
of the V3 loop/Fab 50.1 complex), 0.2, 0.2, and 0.2 A˚,O1 Wat6387 O 2.6
Arg-Ins8 N Ser2157 O 3.0 162 respectively. The GPG residues in the MN-III-2 chimeric
N1 Ser2075 O 3.2 128 virus structure form part of an extended conformation.
N1 Wat6389 O 3.6 The main chain conformation of the first Gly residue, in
N2 Thr2072 N 3.5 134
the left-handed 
L region of the Ramachandran plot (aN2 Thr2072 O1 2.9 108
region primarily available to Gly residues), is very similarN2 Thr2070 O 2.6 120
to that observed in the V3 loop peptide/Fab 50.1 com-N2 Ser2075 O 2.8 158
Tyr-Ins11 O Thr-Ins12 O1 2.7 104 plex in which the GPG residues also have an extended
O Wat6390 O 3.5 conformation (beyond which the structure becomes dis-
Thr-Ins12 O1 Wat6390 O 3.0 ordered). In the V3 loop peptide/Fab 50.1 complex, the
Thr-Ins13 O1 Wat6376 O 3.2
first Gly residue has torsion angles in the  region, whichLys-Ins14 N Glu2161 O1 3.2 108
is usually only available to Gly residues [32] (Table 3).Asn-Ins15 N2 Asn2160 N 3.3 134
In the V3 loop peptide/Fab 59.1 complex, the main chainAsn2160 O1 Wat6391 O 3.1
Glu2161 O Gly2164 N 3.3 123 conformation of the first Gly also has an  conformation;
O Wat6391 O 2.8 however, residues GPG are part of a type II  turn [33].
Gly2163 N Wat6391 O 3.5 In the three V3 loop peptide/Fab 58.2 complexes, the
O Lys2143 N 3.2 153
first Gly residue has main chain torsion angles in the 
Note: If the donor atoms is a nitrogen atom whose hydrogen position region and residues GPG form part of a type I  turn
is unambiguous, the angle given is that subtended at the calculated [35]. In both the MN-III-2 chimeric virus and all of the
hydrogen position. If the donor is an oxygen atom, the angle is given V3 loop peptide/Fab complexes, residues GRAF adopt
as the corresponding to the acceptor . . . oxygen-carbon atoms
a type I  turn conformation. For the RAF segment, thebonded to the donor oxygen. The only interactions considered as
side chain orientations for all three amino acids and thehydrogen-bonding interactions are those in which the distance be-
tween the source atoms and the target atoms is greater than 2.6 A˚ main chain torsion angles for the central residue Ala are
but less than 3.6 A˚, and the angle at the donor oxygen is greater similar in all of these structures (Table 3).
than 90 or the angle at hydrogen is greater than 120. Although the V3 loop has a flexible structure and can
adopt different conformations, it appears that the major
conformational differences are localized to the junction
by one residue (an Ala versus an aminoisobutyric acid of the Gly and Arg residues, yielding two conserved
[Aib]), the N-terminal portion of the peptide adopts an structural modules consisting of residues GPG and resi-
extended  conformation similar to that observed in the dues RAF, respectively. These two structural modules
Fab 50.1/peptide complex [33]. The GPGR motif in these could change their relative orientations by pivoting
similar structures forms a type II  turn followed by a about the hinging Gly residue, resulting in different over-
double bend that consists of either two type I  turns all conformations for the V3 loop and possibly explaining
or a type III turn followed by a type I turn involving a great deal of the structural variation seen in this region.
residues GRAF and RAFY, respectively. The Fab frag- Thus, superimposition of the GPG residues of the V3
ment of murine mAb 58.2 was complexed with three loop peptides in its complex with Fab 58.2 onto the
different V3 loop peptides (referred to as the cyclic Histi- corresponding segment in the MN-III-2 structure fol-
dine loop of 12 amino acid residues, the cyclic Serine lowed by rotation of the RAF sequence (along the axis
loop of 12 amino acid residues, and the linear Aib pep- vertical to the PGR plane by approximately 180) results
tide of 24 amino acid residues [also studied in the 59.1/ in superimposition of the RAF residues onto the corre-
peptide complex] [35]). Like the other peptides, the N-ter- sponding segment of the MN-III-2 structure (Figure 4A).
minal portions of these peptides adopt extended confor- Likewise, superimposition of the GPG segment of the
mations. The GPGR motifs form type I  turns followed V3 loop peptide in its complexes with Fab 59.1 onto
by type VIa  turns involving residues GRAF and type I the corresponding segment in the MN-III-2 structure
 turns involving residues RAFY. These results suggest followed by rotation of the segment RAF in the V3 loop
that the V3 loop conformation is inherently flexible and peptide/Fab complexes (along the Pro-Gly peptide bond
that the GPGRAF motif of the V3 loop can adopt multiple by approximately 180) leads to the RAF portion of the
conformations. peptide superimposing well onto the corresponding
Comparisons of the V3 loop conformation in the segment in the MN-III-2 structure (Figure 4A). The V3
peptide in complex with Fab 50.1 superimposed simi-MN-III-2 chimeric virus and in the V3 loop peptide/Fab
Structure of an HRV14:HIV-1 V3 Loop Chimeric Virus
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Figure 4. Structural Comparisons of the V3
Loop Conformations of the MN-III-2 Chimeric
Virus and the Three V3 Loop Peptide/Fab
Complexes
The major point of structural departure ap-
pears to be localized to the junction of the
Gly and Arg residues.
(A) Superposition of the GPG structural
module.
(B) Superposition of the RAF structural mod-
ule. The relative conformations of these two
structural modules could be adjusted by rota-
tion about the Gly-Arg junction as a pivot
point.
larly well at the GPG; however, its RAF segment is disor- [67]; human mAb 694/98-D, which maps serologically
to the V3 loop sequence GRAF [68]; and human mAbdered. The relatively high conformational freedom of
Gly allows for and may even promote the diversity of 447-52-D, which maps serologically to V3 loop sequence
GPXR (where X could be any amino acid) [69]. Theconformations observed. The conformational flexibility
of the V3 loop may be important in mediating some of MN-III-2 chimeric virus was neutralized by all four anti-
V3 loop mAbs tested in cell culture, indicating that theits diverse roles, possibly including roles of the V3 loop
in associating with its coreceptors and participating in antigenicity of the V3 loop region (i.e., its recognition by
anti-V3 loop antibodies) had been successfully trans-virus-target cell membrane fusion.
planted. Furthermore, the MN-III-2 chimeric virus was
able to elicit the production of neutralizing antibodiesAntigenicity and Immunogenicity
of the MN-III-2 Chimeric Virus in guinea pigs against both the MN and ALA-1 TCLA
strains of HIV-1 [38], providing an additional indicationIn an attempt to isolate chimeric viruses with V3 loop
inserts that resemble those of the native epitope and, that the V3 loop segment of the MN-III-2 chimera is likely
to resemble that of HIV-1 (at least some of the time forhopefully, elicit the production of effective neutralizing
antibodies directed against HIV, the MN-III-2 chimera, TCLA HIV).
In this light, it is noteworthy that the conformationsand other chimeric viruses from the same virus library
were subjected to immunoselection with multiple neu- of the MN-III-2 GPG and RAF sequences, which together
comprise the bulk of the mAb 59.1 epitope [33, 66], aretralizing anti-HIV-1 antibodies known to bind to the rele-
vant region [38]. The antibodies and their reported cog- individually very similar to those in both peptide/59.1
complexes. While the relative orientations of these seg-nate epitopes were: murine mAb 59.1, which maps
serologically [66] to the V3 loop sequence GPGRAF and ments differ in the virus versus peptide/Fab structures,
the conservation of the structures of the individual seg-structurally [33] to IGPGRAFYT; murine mAb NM-01,
which maps serologically to the V3 loop sequence GPGR ments combined with the flexibility of their relative orien-
Table 3. Main Chain Dihedral Angles () of the V3 Loop Insert in the MN-III-2 Chimeric Virus and Comparisons of the V3 Loop Conformation
with V3 Loop Peptides Bound to Fabs
Structure 50.1/Peptide 59.1/Peptide 58.2/Aib 142 58.2/His Loop
(PDB code) MN-III-2 (1K5M) (1GGI) (1ACY) Peptide (1F58) Peptide (2F58)
φ  φ  φ  φ  φ 
Ala-Ins1 93 178
Asp-Ins2 100 53
Thr-Ins3 45 83
Ile-Ins4 100 1 124 141 133 169 124 137 122 136
Gly-Ins5 70 70 102 173 79 172 58 141 55 149
Pro-Ins6 118 175 63 170 73 165 63 24 63 19
Gly-Ins7 140 74 60 9 95 1 92 11
Arg-Ins8 45 98 64 41 65 141 65 134
Ala-Ins9 96 44 60 46 50 42 69 31
Phe-Ins10 127 165 94 19 107 40 121 146
Tyr-Ins11 123 26 49 22 68 161 118 158
Thr-Ins12 166 160
Thr-Ins13 49 51
Lys-Ins14 106 55
Asn-Ins15 178 174
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of lengthier V3 loop epitopes to bind to the complemen-Table 4. Binding and Neutralization of MN-III-2 by V3 Loop-
Directed mAbs tarity-determining regions of the antibodies.
The determination of additional structures of variedmAb Shared Epitopea Relative Bindingb TCID50 (ng/ml)c
chimeric viruses, free and complexed with neutralizing
59.1 IGPGRAFYT 1.0 1.7 anti-HIV antibodies, may reveal important relationships
58.2 IGPGRAFY 0.87 5.7
between structure and immunological attributes. An un-50.1 IGPG 0.13 8000
derstanding of these relationships might ultimately allow
a Portion of sequence of native HIV-1 V3 loop recognized by antibody for the design or selection for chimeric viruses capable
(as defined from structural studies) that is also present on MN-III-2. of eliciting more effective and cross-reactive neutraliz-b Determined by ELISAs, in duplicate for values corresponding to
ing antibodies.0.1 g/ml mAb.
c Determined by microtiter neutralization assays, in triplicate for val-
ues corresponding to the number of ng/ml of antibody capable of
neutralizing 50% of the tissue culture infectious doses (TCID50). Structure of the Sphingosine Pocket Factor
and Its Interactions with Protein
Pocket factors have been observed in all of the known
HRV structures except for wild-type HRV14 [39] andtations may provide the structural basis for the ability
of this antibody to bind to and potently neutralize the HRV3 [86], which, for unknown reasons, have empty
pockets. However, the work reported here led to theinfectivity of MN-III-2 in cell culture.
Docking experiments were carried out to assess appearance of sphingosine in a virus derived from
HRV14. The presence of sphingosine could be attributedwhether the conformation of the V3 loop insert in MN-
III-2 could be bound by Fab 59.1, Fab 58.2, and Fab to the addition of 15 residues to the virus, differences
in the virus preparation and purification procedures, or50.1, whose structures in complexes with various V3
loop peptides are known [32–35]. The structures of the differences in the crystallization conditions. It might also
imply that the chimeric virus is less stable than the wild-V3 loop peptide/Fab complexes were superimposed
onto either the GPG or RAF segment of the MN-III-2 type virus and thereby requires a stabilizing molecule
for virus growth.chimeric virus. For the V3 loop/Fab 59.1 complex, simple
superimpositions based on either the GPG or RAF seg- The electron density corresponding to the natural
pocket factor, sphingosine, in the hydrophobic pocketment resulted in some steric conflicts between the anti-
body and the viral protein. However, slight conforma- within the antiparallel eight-stranded  barrel of VP1
was clear in the initial difference Fourier maps and intional adjustment between the GPG and RAF segments
along the GR pivot point yielded an MN-III-2/Fab59.1 the averaged SIGMAA-weighted 2mFo-Fc maps. The
binding pocket is approximately 26 A˚ in length and hascomplex model in which no significant steric conflicts
were observed. In contrast, for the other two Fab frag- a volume of approximately 182 A˚3. Sphingosine, which
itself is approximately 20.5 A˚ in length, lies in the middlements, 58.2 and 50.1, superimposition of either the GPG
or the RAF segment created more serious structural of the pocket and occupies most of the pocket space
(Figure 5). The solvent-accessible surface of the virusoverlaps between the Fabs and the virus that could not
be relieved by only adjusting the relative orientations of that is buried after the binding of sphingosine is 982 A˚2,
which is within the range of most stable protein-proteinthe GPG and RAF segments.
To see if the structural superimposition differences and protein-inhibitor interactions (600–1000 A˚2 ) [70, 71].
More than 97% of the total 645 A˚2 solvent-accessiblecorresponded to comparable biological differences in
how MN-III-2 interacts with mAbs 59.1, 58.2, and 50.1, surface of the sphingosine is buried in the complex.
Upon the binding of sphingosine, there are significantwe performed binding and neutralization assays. To as-
sess binding, sandwich ELISAs were performed in which conformational differences in the inhibitor binding
pocket in the region of residues 1213–1224 of VP1. NoMN-III-2 was captured by immobilized anti-HRV14 anti-
serum and then allowed to bind to each of the three other major main chain movements were observed. This
is consistent with the observations of the other struc-mAbs. As can be seen in Table 4, the tightest binding at
0.1g/ml antibody was observed with mAb 59.1 (relative tures of HRV that contain sphingosine or antiviral com-
pounds. The orientation of sphingosine in the bindingOD450  1), followed by 58.2 (relative OD450  0.87), and
poorly by 50.1 (relative OD450  0.13). These differences pocket is similar to that observed in the other HRV and
poliovirus structures. However, the internal geometry ofin affinity were paralleled by the differences in the num-
bers of V3 loop residues recognized by the antibodies sphingosine is slightly different, especially with poliovi-
rus type 1 Mahoney, due to differences of the sur-that are also present on MN-III-2 (Table 4). The ability
of the mAbs to neutralize MN-III-2 was found to follow rounding amino acids forming the pocket.
The interactions between sphingosine and the sur-the same pattern, with mAb 59.1 neutralizing MN-III-2
infection by 50% at 1.7 ng/ml, 58.2 at 5.7 ng/ml, and rounding protein residues are primarily hydrophobic in
nature (Figure 5). Among 12 contacts with distances of50.1 at 8000 ng/ml (Table 4). These results suggest
that, to some extent, the ability of the V3 loop mAbs to less than 3.6 A˚, there are only two weak hydrogen bond-
ing interactions. Both the amino N atom and the hydroxylbind to and neutralize the chimeras must be a function
of the ability of the V3 loop sequences to accommodate O1 atom of sphingosine form weak hydrogen bonds with
the S atom of Cys1199 (d  3.4 A˚ and the S-H...Nto the structure necessary for favorable interactions with
the antibodies, possibly in part via rearrangement of the angle  118) and the O atom of Ser1107 (d  3.6 A˚
and the O-H...O angle  148, respectively). In addition,relative orientations of the GPG and RAF segments. This
accommodation appears to be favored by the presence the hydroxyl O1 atom forms hydrogen bonds with two
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Figure 5. The Pocket Factor, Sphingosine
(Shown as a Green Ball-and-Stick Model), in
the Binding Pocket of VP1 Located below the
External Canyon Region where Host Cell Re-
ceptor Binding Occurs
VP1 and VP3 are shown in blue and red rib-
bons, respectively. The side chains of the sur-
rounding amino acid residues that have close
contacts with sphingosine are shown. The in-
teractions between sphingosine and the
amino acid residues are primarily hydropho-
bic in nature (3.6 A˚, indicated with dashed
lines). Hydrogen bonds are indicated with
solid lines.
water molecules (W6128 [d  3.6 A˚] and W6234 [d  inserted into the NIm-II site of HRV14 between VP2 resi-
dues Ala159 and Asn160. This chimeric virus elicits the3.4 A˚]). The hydroxyl O3 atom of sphingosine also forms
production of guinea pig antisera capable of potentlya hydrogen bond with water molecule W6128 (d 3.1 A˚).
neutralizing HIV-1 strains MN and ALA-1 in cell culture.
The overall structure of MN-III-2 is similar to that of wild-
Biological Implications type HRV14. A sphingosine molecule has been identified
in a hydrophobic pocket in VP1 that has been shown
Vaccines have successfully helped prevent and control in many picornaviruses to bind to either small cellular
a wide variety of diseases. A disease for which there is molecules (“pocket factors”) or antiviral drugs; this con-
a glaring need for a vaccine is AIDS. The AIDS epidemic trasts with wild-type HRV14, which does not have a
is a problem of enormous dimensions, with some 40 bound pocket factor. The structure of the HIV-1 V3 loop
million people infected with HIV worldwide. Some prog- insert is dominated by two type I  turns. The first type
ress has been made in developing an AIDS vaccine, but I  turn consists of residues GRAF and the second,
greater understanding of the basic principles of vacci- residues TTKN. Comparisons with the previously re-
nology and immunology may be required. A better un- ported structures of V3 loop peptides in complexes with
derstanding of the structural determinants of immuno- the Fab fragments of three neutralizing anti-HIV-1 anti-
genicity may ultimately help enable structure-based bodies indicate that the conserved GPGRAF motif of
vaccine design in a manner analogous to the proven the V3 loop insert in the MN-III-2 chimeric virus adopts
paradigm of structure-based drug design. We have been a different conformation as a whole from that seen in
engineering human rhinoviruses, common cold viruses, several Fab/peptide complexes. The major conforma-
to display immunogenic segments from more dangerous tional differences are localized to the junction of the GR
pathogens, including HIV-1, for the purpose of develop- residues of the first  turn. As individual units, however,
ing vaccine components against these pathogens. We the GPG and the RAF residues in the chimeric virus
have generated combinatorial libraries of HRV14 con- superimpose well upon the corresponding segments in
taining HIV immunogens that are linked to the HRV14 the Fab/peptide complexes. The results suggest that
coat protein sequences via adapters of randomized se- the V3 loop has inherent conformational flexibility and
quences and lengths, leading to vast arrays of presenta- can adopt multiple conformations. The ability of this
tions of the HIV immunogen. Immunoselection tech- loop to accommodate many different amino acid substi-
niques have been used to identify immunogens that can tutions indicates that conformational flexibility within
mimic corresponding immunogens of HIV. The structure this region is compatible with, and perhaps essential to,
of an HRV14:HIV-1 chimeric virus, designated MN-III-2, the functionality of HIV. The relatively conserved
containing an immunogenic insert from the gp120 V3 GPGRAF motif of the V3 loop appears to consist of two
loop of HIV-1, has been solved at 2.7 A˚ resolution. The well-defined structural modules whose relative orienta-
virus was isolated from a previously described library tions can be altered, resulting in distinct V3 loop confor-
of HRV14:HIV chimeras using anti-HIV-1 V3 loop mono- mations. Such distinct conformations could best enable
clonal antibodies as selecting agents. The MN-III-2 chi- the diverse set of interactions between the V3 loop and
mera displays on its surface the HIV-1MN V3 loop se- its various biological partners. Two of the three antibod-
quence, IGPGRAFYTTKN, flanked at its N terminus by ies (59.1 and 58.2) corresponding to the Fab/V3 loop
peptide crystal structures efficiently neutralize thea three residue linker, ADT. The foreign sequence was
Structure
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b  349.3, and c  368.4 A˚. With this space group, the virus particleMN-III-2 chimeric virus; all three antibodies were shown
must be situated at the origin with its three 2-fold icosahedral sym-to bind to MN-III-2 using an ELISA, with 50.1 binding
metry axes coincident with the three crystallographic 2-fold symme-the weakest, consistent with its inability to neutralize
try axes. Given that the asymmetric unit contains a quarter of a
the chimera. Docking experiments indicate that one of virus particle (i.e., 15 protomers, each consisting of the 4 viral coat
the three Fabs (59.1) could interact well with the V3 proteins), the corresponding Matthew’s coefficient (VM) would be
2.40 A˚3/Da with a solvent content of 49.0% (assuming a standardloop of MN-III-2 with only minor rearrangements of the
partial specific volume for protein of 0.74 ml/g [77]).GPGRAF segment, but the other two could not. These
The structure of the chimeric virus MN-III-2 was solved using theresults imply that the inserted segment in the chimeric
molecular replacement method with a recompiled version of thevirus structure is likely to adopt a different structure
X-PLOR program that makes use of an increased number of strict
when it interacts with neutralizing antibodies and anti- NCS constraints [41]. A rotation function search and a translation
body-like molecules (e.g., B cell receptors) in the im- function search using the wild-type HRV14 structure coordinates
(PDB entry 4RHV [54]) as a starting model yielded only one solution.mune system. It is possible that the structural variability
The virus particle was located at the origin without any skewing,of the V3 loop segment presented on the surface of
which is consistent with the particular I222 space group of thishuman rhinovirus could mimic its conformational vari-
crystal form. The initial phases were calculated from the wild-typeability on HIV, enhancing its potential value as an immu-
HRV14 model, giving an initial R factor of 46.5%. The R factor de-
nogen. creased to 31.5% after 100 cycles of energy minimization using
X-PLOR.
Experimental Procedures Structure refinement was carried out using the X-PLOR conjugate-
gradient energy minimization and molecular dynamics simulated
Virus Propagation, Purification, and Crystallization annealing protocols with a bulk-solvent correction, using the Engh
The generation, propagation, and purification of the HRV14:HIV-1 and Huber parameters to restrain the protein structure [78]. Strict
V3 loop chimeric virus MN-III-2 have been described previously [38]. 15-fold NCS constraints were imposed throughout the refinement
Crystals of the MN-III-2 chimera were grown at room temperature procedure. This increased the data-to-parameter ratio by a factor
using the hanging-drop vapor diffusion method. The crystallization of 15, corresponding to more than 17 observations per parameter
solution consisted of 1.5 M ammonium formate and 0.15 M sodium refined. Molecular modeling was guided by difference Fourier maps
HEPES, pH 7.5. A broad-spectrum antiviral agent, SDZ 880061 [72], and averaged SIGMAA-weighted 2mFo-Fc maps. The free R factor
was dissolved in DMSO and diluted to 0.12 M and mixed with the [79] was calculated in early stages of model building and refinement
virus sample (5 mg/ml in 10 mM Tris-HCl, 0.1 M NaCl, pH 7.2) at a to monitor the progress. Due to the strong interdependency of struc-
volume ratio of 1:20 corresponding to a molar ratio of 10:1. However, ture factors in the presence of high NCS, the free R factor did not
in the experiments that led to the structure determination, the drug provide any useful information. Therefore, in the later stages of
was unable to displace the resident sphingosine molecule in the structure refinement, all data were included and no free R factor
drug binding pocket and appears to have had no bearing on the was calculated.
structure. Hanging drops were created by mixing 3–5 l of this virus To improve the phase quality and reduce model bias, real-space
solution with an equal volume of the crystallization solution on a electron density map averaging was performed with the 15-fold NCS
plastic coverslip and placing the inverted coverslips over reservoirs present in the asymmetric unit using the program RAVE [80]. The
containing 1 ml of crystallization solution. Plate-shaped crystals averaged difference Fourier maps were of good quality and helped
began to appear after 1–2 days and grew to approximately 0.1  resolve ambiguities in the backbone and side chain placement in a
0.4  0.4 mm within a week. few surface regions exposed to solvent. Upon the convergence of
the electron density averaging, the overall agreement between the
experimental diffraction data and those computed from back-trans-Diffraction Data Collection
formation of the averaged electron density map (averaging R factor)X-ray diffraction data were collected from crystals that were
was 17.4% with an overall correlation coefficient of 0.917.mounted with a nylon loop, dried in the air for about 8–10 s, and
In the initial difference Fourier maps and the averaged SIGMAA-then flash cooled directly in a cold gaseous stream of N2 (165C)
weighted 2mFo-Fc maps, clear electron density was evident corre-[73, 74]. The air drying step should lead to higher ammonium formate
sponding to the natural pocket factor, sphingosine, nine amino acidconcentrations in the environment of the loop, which apparently
residues at the N-terminal of VP1 that were disordered in the HRV14provided cryoprotection (the air drying time varied depending on
structure, and many well-ordered water molecules. The electronthe size of the loop and the humidity and temperature of the environ-
density showed clear indications of protein conformational changesment). Experiments with flash cooling of ammonium formate solu-
in the vicinity of the inhibitor binding pocket. Water molecules, thetions not containing crystals showed that a concentration of 4 M
ammonium formate can prevent ice formation and hence can serve sphingosine pocket factor, and the V3 loop insert were not included
as a cryoprotectant. A total of 265 oscillation images with 0.3 oscil- in the model until the R factor decreased to approximately 28%
lation were collected from a frozen crystal at the Brookhaven Na- after a few cycles of model building and refinement. Electron density
tional Synchrotron Light Source (NSLS) using the highly intense X25 corresponding to the inserted amino acid residues at the NIm-II site
beamline with a wavelength of 1.10 A˚. The diffraction data were of VP2 was also present in the initial difference Fourier maps and
recorded on a Brandeis B4 CCD detector mounted on a Nonius in the averaged maps for all 15 NCS-related protomers, and was
CAD4-style diffractometer. Another 122 images with 0.3 oscillation gradually improved from refinement and the inclusion of the pocket
were collected from a frozen crystal at the Cornell High Energy factor and water molecules. Electron density peaks in difference
Synchrotron Source (CHESS) using the F1 beamline with a wave- Fourier maps at a height of at least the 2 level were assigned
length of 0.92 A˚ and recorded on a Quad4 2k  2k CCD detector as water molecules if they had reasonable geometry in relation to
(Area Detector System Corporation, Poway, CA). Crystals of the hydrogen bond donors or acceptors from viral proteins or other
chimeric virus diffracted to at least 2.5 A˚ resolution and decayed water molecules. The atomic model for the sphingosine pocket fac-
gradually from radiation damage. Diffraction data were processed tor was modified from the coordinates of sphingosine in the struc-
and scaled together using DENZO [75] and SCALEPACK [76]. The ture of its complex with the poliovirus type 1 Mahony (PVM1; PDB
final dataset contained 513,239 unique reflections (I/(I) 0) to 2.7 A˚ entry 1POV). The parameter and topology files were generated using
resolution with an Rmerge (I) of 0.114 and a completeness of 92.4%. the program XPLO2D [80]. The asymmetric nature of the well-
The diffraction data statistics are summarized in Table 1. defined electron density permitted the sphingosine to be uniquely
oriented in the binding pocket. The configuration of individual moie-
ties of sphingosine was interpreted without ambiguity based on theStructure Determination and Refinement
difference Fourier maps and the averaged electron density maps.The chimeric virus crystals used for the structure determination
were of the I222 space group with unit cell dimensions a  318.9, Structural interpretation of the inserted sequence at the NIm-II site
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of VP2 was based on the averaged electron density maps. The (1996). The -chemokine receptors CCR3 and CCR5 facilitate
infection by primary HIV-1 isolates. Cell 28, 1135–1148.atomic model was built using the graphics program O [81].
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(1996). CD4-dependent, antibody-sensitive interactions be-FYT [33, 34]) and murine mAb 50.1 (derived from immunization with
tween HIV-1 and its coreceptor CCR-5. Nature 384, 184–187.the same peptide; mapped serologically to RIHIG [66] and structur-
5. Wu, L., Gerard, N.P., Wyatt, R., Choe, H., Parolin, C., Ruffing,ally to KRIHIGPG [32]) were gifts from Al Profy at Repligen Corpora-
N., Borsetti, A., Cardoso, A.A., Desjardin, E., Newman, W., ettion. Murine mAb 58.2 (derived from immunization with the same
al. (1996). CD4-induced interaction of primary HIV-1 gp120 gly-peptide; mapped serologically to HIGPGRAF [66] and structurally to
coprotein with the chemokine receptor CCR-5. Nature 384,RIHIGPGRAFY [35]) was a gift of Ian Wilson at the Scripps Research
179–183.Institute.
6. Speck, R.F., Wehrly, K., Platt, E.J., Atchison, R.E., Charo, I.F.,
Kabat, D., Chesebro, B., Goldsmith, M.A. (1997). Selective em-ELISAs
ployment of chemokine receptors as human immunodeficiencyNunc-Immuno MaxiSorp 96-well ELISA plates were coated with rab-
virus type 1 coreceptors determined by individual amino acidsbit anti-HRV14 antiserum, blocked with PBS containing 3% gelatin,
within the envelope V3 loop. J. Virol. 71, 7136–7139.and then treated with 6  106 plaque-forming units of the MN-III-2
7. Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski,chimeric virus. The anti-V3 loop murine mAbs (59.1, 58.2, and 50.1)
J., and Hendrickson, W.A. (1998). Structure of an HIV gp120were subsequently added by serial dilution, followed by the addition
envelope glycoprotein in complex with the CD4 receptor and aof horseradish peroxidase-conjugated goat anti-mouse IgG (ICN
neutralizing human antibody. Nature 393, 648–659.Pharmaceuticals, Inc., Costa Mesa, CA). Visualization of the com-
8. Rizzuto, C.D., Wyatt, R., Hernandez-Ramos, N., Sun, Y., Kwong,plexes at 450 nm was achieved by the addition of 3,3,5,5-tet-
P.D., Hendrickson, W.A., Sodroski, J. (1998). A conserved HIVramethyl benzidine. Under these conditions, wild-type HRV14 was
gp120 glycoprotein structure involved in chemokine receptorunreactive with mAb 58.2, and a non-V3 loop, non-HRV14-directed
binding. Science 280, 1949–1953.mAb (2F5, [82]) was unreactive with MN-III-2.
9. Berger, E.A., Murphy, P.M., and Farber, J.M. (1999). Chemokine
receptors as HIV-1 coreceptors: roles in viral entry, tropism,Microtiter Neutralization Assays
and disease. Annu. Rev. Immunol. 17, 657–700.This assay has been described [38]. In brief, 50 l containing 104
10. Goudsmit, J., Debouck, C., Meloen, R.H., Smit, L., Bakker, M.,plaque-forming units of chimeric viruses was added to wells in tripli-
Asher, D.M., Wolff, A.V., Gibbs, C.J., Jr, Gajdusek, D.C. (1988).cate containing 50 l of serially diluted of anti-V3 loop mAbs (59.1,
Human immunodeficiency virus type 1 neutralization epitope58.2, and 50.1). After 1 hr at 37C, 50 l containing 104 H1-HeLa
with conserved architecture elicits early type-specific antibod-cells [83] was added, and the plates were incubated at 34.5C and
ies in experimentally infected monkeys. Proc. Natl. Acad. Sci.2.5% CO2. Virus neutralization was assessed by a cytotoxicity assay
USA 85, 4478–4482.[84] once all of the cells in the antibody-free wells displayed cyto-
11. Palker, T.J., Clark, M.E., Langlois, A.J., Matthews, T.J., Wein-pathic effects. 15 l of a 5 mg/ml solution of 3-4,5-dimethlythiazol-
hold, K.J., Randall, R.R., Bolognesi, D.P., Haynes, B.F. (1988).2-yl-2,5-diphenyltetrazolium bromide (MTT; Sigma, Saint Louis, MO)
Type-specific neutralization of the human immunodeficiencyin PBS was added to all wells. After 1.5 hr at 34.5C, 150 l of 20%
virus with antibodies to env-encoded synthetic peptides. Proc.SDS in 50% N,N-dimethylformamide was added to all wells. The
Natl. Acad. Sci. USA 85, 1932–1936.absorbance at 570 nm was then determined and expressed as a
12. Rusche, J.R., Javaherian, K., McDanal, C., Petro, J., Lynn, D.L.,percentage of the average absorbance from wells that received cells
Grimaila, R., Langlois, A., Gallo, R.C., Arthur, L.O., Fischinger,only (corresponding to 100% viability). Titers are expressed as the
P.J., et al. (1988). Antibodies that inhibit fusion of human immu-concentrations of antibodies (in ng/ml) that reduced cell death (mea-
nodeficiency virus-infected cells bind a 24-amino acid se-sured as the reduced number of tissue culture infectious doses) by
quence of the viral envelope, gp120. Proc. Natl. Acad. Sci. USA50% (TCID50).
85, 3198–3202.
13. Javaherian, K., Langlois, A.J., McDanal, C., Ross, K.L., Eckler,Acknowledgments
L.I., Jellis, C.L., Profy, A.T., Rusche, J.R., Bolognesi, D.P., Put-
ney, S.D., et al. (1989). Principal neutralizing domain of the hu-We thank Kalyan Das, Andrew Holmes, Yu Hsiou, Susan Mazzocchi,
man immunodeficiency virus type 1 envelope protein. Proc. Natl.Deena Oren, Dawn Resnick, Stefan Sarafianos, Sharina Palencia,
Acad. Sci. USA 86, 6769–6772.and Wanyi Zhang for their assistance and valuable discussions. We
14. Vogel, T., Kurth, R., and Norley, S. (1994). The majority of neu-gratefully acknowledge Dr. Albert Profy, then at Repligen Corpora-
tralizing Abs in HIV-1-infected patients recognizes linear V3 looption, for mAbs 50.1 and 59.1, and Dr. Ian Wilson and Dr. Robyn
sequences. J. Immunol. 153, 1895–1904.Stanfield at Scripps for the Repligen mAb 58.2. We also thank the
15. Emini, E.A., Nara, P.L., Schleif, W.A., Lewis, J.A., Davide, J.P.,staff at the Cornell High Energy Synchrotron Source and at Brookha-
Lee, D.R., Kessler, J., Conley, S., Matsushita, S., Putney, S.D.,ven National Laboratory for their support in data collection. This
et al. (1990). Antibody-mediated in vitro neutralization of humanresearch was supported by NIH grants AI 38221 and AI 45353 to
immunodeficiency virus type 1 abolishes infectivity for chimpan-G.F.A. and by CABM and the Keck Foundation.
zees. J. Virol. 64, 3674–3678.
16. Emini, E.A., Schleif, W.A., Nunberg, J.H., Conley, A.J., Eda, Y.,Received: October 17, 2001
Tokiyoshi, S., Putney, S.D., Matsushita, S., Cobb, K.E., Jett,Revised: March 18, 2002
C.M., et al.. (1992). Prevention of HIV-1 infection in chimpanzeesAccepted: May 2, 2002
by gp120 V3 domain-specific monoclonal antibody. Nature 355,
728–730.References
17. Safrit, J.T., Fung, M.S., Andrews, C.A., Braun, D.G., Sun, W.N.,
Chang, T.W., and Koup, R.A. (1993). hu-PBL-SCID mice can be1. Chesebro, B., Wehrly, K., Nishio, J., and Perryman, S. (1996).
protected from HIV-1 infection by passive transfer of mono-Mapping of independent V3 envelope determinants of human
clonal antibody to the neutralizing determinant of envelopeimmunodeficiency virus type 1 macrophage tropism and syncy-
gp120. AIDS 7, 15–21.tium formation in lymphocytes. J. Virol. 70, 9055–9059.
18. Gauduin, M.-C., Safrit, J.T., Weir, R., Fung, M.S.C., and Koup,2. Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath,
P.D., Wu, L., Mackay, C.R., LaRosa, G., Newman, W., et al. R.A. (1995). Pre- and post-exposure protection against human
Structure
1010
immunodeficiency virus type 1 infection mediated by a mono- B. Roizman, eds. (New York: Lippincott-Raven Publishers), pp.
609–654.clonal antibody. J. Infect. Dis. 171, 1203–1209.
19. Matthews, T.J., Langlois, A.J., Robey, W.G., Chang, N.T., Gallo, 37. Resnick, D.A., Smith, A.D., Geisler, S.C., Zhang, A., Arnold, E.,
and Arnold, G.F. (1995). Chimeras from a human rhinovirus 14-R.C., Fischinger, P.J., and Bolognesi, D.P. (1986). Restricted
neutralization of divergent human T-lymphotropic virus type III human immunodeficiency virus type 1 (HIV-1) V3 loop seroprev-
alence library induce neutralizing responses against HIV-1. J.isolates by antibodies to the major envelope glycoprotein. Proc.
Natl. Acad. Sci. USA 83, 9709–9713. Virol. 69, 2406–2411.
38. Smith, A.D., Geisler, S.C., Chen, A.A., Resnick, D.A., Roy, B.M.,20. Weiss, R.A., Clapham, P.R., Weber, J.N., Dalgleish, A.G., Lasky,
L.A., and Berman, P.W. (1986). Variable and conserved neutral- Lewi, P.J., Arnold, E., and Arnold, G.F. (1998). Human rhinovirus
type 14:human immunodeficiency virus type 1 (HIV-1) V3 loopization antigens of human immunodeficiency virus. Nature 324,
572–575. chimeras from a combinatorial library induce potent neutralizing
antibody responses against HIV-1. J. Virol. 72, 651–659.21. Cohen, J. (1993). Jitters jeopardize AIDS vaccine trials. Science
262, 980–981. 39. Rossmann, M.G., Arnold, E., Erickson, J.W., Frankenberger,
E.A., Griffith, J.P., Hecht, H.J., Johnson, J.E., Kamer, G., Luo,22. Matthews, T.J. (1994). Dilemma of neutralization resistance of
HIV-1 field isolates and vaccine development. AIDS Res. Hum. M., Mosser, A.G., et al.. (1985). Structure of a human common
cold virus and functional relationships to other picornaviruses.Retroviruses 6, 631–632.
23. Kwong, P.D., Wyatt, R., Majeed, S., Robinson, J., Sweet, R.W., Nature 317, 145–153.
40. Luzzati, V. (1952). Traitement statistique des erreurs dans laSodroski, J., and Hendrickson, W.A. (2000). Structures of HIV-1
gp120 envelope glycoproteins from laboratory-adapted and pri- determination des structures cristallines. Acta Crystallogr. 5,
802–810.mary isolates. Structure 8, 1329–1339.
24. Chandrasekhar, K., Profy, A.T., and Dyson, H.J. (1991). Solution 41. Brunger, A.T. (1993). X-PLOR Manual Version 3.1: A System for
X-Ray Crystallography and NMR. (Yale University Press: Newconformational preferences of immunogenic peptides derived
from the principal neutralizing determinant of the HIV-1 enve- Haven).
42. Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton,lope glycoprotein gp120. Biochemistry 30, 9187–9194.
25. Markert, R.L., Ruppach, H., Gehring, S., Dietrich, U., Mierke, J.M. (1993). PROCHECK: a program to check the stereochemi-
cal quality of protein structures. J. Appl. Crystallogr. 26,D.F., Kock, M., Rubsamen-Waigmann, H., and Griesinger, C.
(1996). Secondary structural elements as a basis for antibody 283–291.
43. Smith, A.D., and Wilson, J.E. (1986). A modified ELISA that selec-recognition in the immunodominant region of human immuno-
deficiency viruses 1 and 2. Eur. J. Biochem. 237, 188–204. tively detects monoclonal antibodies recognizing native anti-
gen. J. Immunol. Methods 94, 31–35.26. Vu, H.M., de Lorimier, R., Moody, M.A., Haynes, B.F., and Spicer,
L.D. (1996). Conformational preference of a chimeric peptide 44. Arnold, E., and Rossmann, M.G. (1988). The use of molecular-
replacement phases for the refinement of the human rhinovirusHIV-1 immunogen from the C4–V3 domains of gp120 envelop
protein of HIV CAN0A based on solution NMR: comparison to 14 structure. Acta Crystallogr. A44, 270–282.
45. Kim, S.S., Smith, T.J., Chapman, M.S., Rossmann, M.C., Pevear,a related immunogenic peptide from HIV-1 RF. Biochemistry
35, 5158–5165. D.C., Dutko, F.J., Felock, P.J., Diana, G.D., and McKinlay, M.A..
(1989). Crystal structure of human rhinovirus serotype 1A (HRV27. Huang, X., Barchi, J.J., Jr., Lung, F.D., Roller, P.P., Nara, P.L.,
Muschik, J., and Garrity, R.R. (1997). Glycosylation affects both 1A). J. Mol. Biol. 210, 91–111.
46. Oliveira, M.A., Zhao, R., Lee, W.M., Kremer, M.J., Minor, I.,the three-dimensional structure and antibody binding properties
of the HIV-1 IIIb gp120 peptide RP135. Biochemistry 36, 10846– Rueckert, R.R., Diana, G.D., Pevear, D.C., Dutko, F.J., McKinlay,
M.A., et al. (1993). The structure of human rhinovirus 16. Struc-10856.
28. Jelinek, R., Terry, T.D., Gesell, J.J., Malik, P., Perham, R.N., and ture 1, 51–68.
47. Lentz, K.N., Smith, A.D., Geisler, S.C., Cox, S., Buontempo, P.,Opella, S.J. (1997). NMR structure of the principal neutralizing
determinant of HIV-1 displayed in filamentous bacteriophage Skelton, A., DeMartino, J., Rozhon, E., Schwartz, J., Girijavalla-
bhan, V., et al. (1997). Structure of the poliovirus type 2 Lansingcoat protein. J. Mol. Biol. 266, 649–655.
29. Tugarinov, V., Zvi, A., Levy, R., and Anglister, J. (1999). A cis complexed with antiviral agent SCH48973: comparison of the
structural and biological properties of the three poliovirus sero-proline turn linking two -hairpin strands in the solution struc-
ture of an antibody-bound HIV-1 IIIb V3 peptide. Nat. Struct. types. Structure 5, 961–978.
48. Smyth, M., Tate, J., Hoey, E., Lyons, C., Martin, S., and Stuart,Biol. 6, 331–335.
30. Weliky, D.P., Bennett, A.E., Zvi, A., Anglister, J., Steinbach, P.J., D. (1995). Implications for viral uncoating from the structure of
bovine enterovirus. Nat. Struct. Biol. 2, 224–231.and Tycko, R. (1999). Solid-state NMR evidence for an antibody-
dependent conformation of the V3 loop of HIV-1 gp120. Nat. 49. Robinson, I.K., and Harrison, S.C. (1982). Structure of the ex-
panded state of tomato bushy stunt virus. Nature 297, 563–568.Struct. Biol. 6, 141–145.
31. Tugarinov, V., Zvi, A., Levy, R., Hayek, Y., Matsushita, S., and 50. Speir, J.A., Munshi, S., Wang, G., Baker, T.S., and Johnson, J.E.
(1995). Structures of the native and swollen forms of cowpeaAnglister, J. (2000). NMR structure of an anti-gp120 antibody
complex with a V3 peptide reveals a surface important for co- chlorotic mottle virus determined by X-ray crystallography and
cryo-electron microscopy. Structure 3, 63–78.receptor binding. Structure 8, 385–395.
32. Rini, J.M., Stanfield, R.L., Stura, E.A., Salinas, P.A., Profy, A.T., 51. Filman, D.J., Syed, R., Chow, M., Macadam, A.J., Minor, P.D.,
and Hogle, J.M. (1989). Structural factors that control conforma-and Wilson, I.A. (1993). Crystal structure of a human immunode-
ficiency virus type 1 neutralizing antibody, 50.1, in complex with tional transitions and serotype specificity in type 3 poliovirus.
EMBO J. 8, 1567–1579.its V3 loop peptide antigen. Proc. Natl. Acad. Sci. USA 90,
6325–6329. 52. Hadfield, A.T., Lee, W., Zhao, R., Oliveira, M.A., Minor, I., Rueck-
ert, R.R., and Rossmann, M.G. (1997). The refined structure of33. Ghiara, J.B., Stura, E.A., Stanfield, R.L., Profy, A.T., and Wilson,
I.A. (1994). Crystal structure of the principal neutralization site human rhinovirus 16 at 2.15 A˚ resolution: implications for the
viral life cycle. Structure 5, 427–441.of HIV-1. Science 264, 82–85.
34. Ghiara, J., Ferguson, D., Satterthwait, A., Dyson, H., and Wilson, 53. Lee, B., and Richards, F.M. (1971). The interpretation of protein
structures: estimation of static accessibility. J. Mol. Biol. 55,I. (1997). Structure-based design of a constrained peptide mimic
of the HIV-1 V3 loop neutralization site. J. Mol. Biol. 266, 31–39. 379–400.
54. Arnold, E., and Rossmann, M.G. (1990). Analysis of the structure35. Stanfield, R.L., Cabezas, E., Satterthwait, A.C., Stura, E.A.,
Profy, A.T., and Wilson, I.A. (1999). Dual conformations for the of a common cold virus, human rhinovirus 14, refined at a resolu-
tion of 3.0 A˚. J. Mol. Biol. 211, 763–801.HIV-1 gp120 V3 loop in complexes with different neutralizing
Fabs. Structure 7, 131–142. 55. Wilmot, C.M., and Thornton, J.M. (1988). Analysis and prediction
of the different types of beta-turn in proteins. J. Biol. Chem.36. Rueckert, R.R. (1996). Picornaviridae: the viruses and their repli-
cation. In Fields Virology, Third Edition, B.N. Fields, D.M. Knipe, 203, 221–232.
56. LaRosa, G.J., Davide, J.P., Weinhold, K., Waterbury, J.A., Profy,P.M. Howley, R.M. Chanock, J.L. Melnick, T.P. Monath, and
Structure of an HRV14:HIV-1 V3 Loop Chimeric Virus
1011
A.T., Lewis, J.A., Langlois, A.J., Dreesman, G.R., Boswell, R.N., 75. Minor, W. (1993). XDISPLAY Program. (West Lafayette, IN:
Purdue University).Shadduck, P., et al. (1990). Conserved sequence and structural
elements in the HIV-1 principal neutralizing determinant. Sci- 76. Otwinowski, Z., and Minor, W. (1996). Processing of X-ray dif-
fraction data collected in oscillation mode. Methods Enzymol.ence 249, 932–935.
57. Achour, A., Persson, K., Harris, R.A., Sundback, J., Sentman, 276, 55–62.
77. Matthews, B.W. (1968). Solvent content of protein crystals. J.C.L., Lindqvist, Y., Schneider, G., and Karre, K. (1998). The crys-
tal structure of H-2Dd MHC class I complexed with the HIV-1- Mol. Biol. 33, 491–497.
78. Engh, R.A., and Huber, R. (1991). Accurate bond and anglederived peptide P18–I10 at 2.4 A˚ resolution: implications for T
cell and NK cell recognition. Immunity 9, 199–208. parameters for X-ray protein structure refinement. Acta Crys-
tallogr. A47, 392–400.58. Mande, S.C., Mehra, V., Bloom, B.R., and W.G., Hol. (1996).
Structure of the heat shock protein chaperonin-10 of Mycobac- 79. Brunger, A.T. (1992). The free R value: a novel statistical quantity
for assessing the accuracy of crystal structures. Nature 355,terium leprae. Science 271, 203–207.
59. Housset, D., Habersetzer-Rochat, C., Astier, J.P., and Fontec- 472–474.
80. Kleywegt, G.J., and Jones, T.A. (1994). Halloween...masks andilla-Camps, J.C. (1994). Crystal structure of toxin II from the
scorpion Androctonus australis Hector refined at 1.3 A˚ resolu- bones. In From First Map to Final Model, S. Bailey, R. Hubbard,
and D. Waller, eds. (Daresbury, UK: SERC Daresbury Labora-tion. J. Mol. Biol. 238, 88–103.
60. Gupta, G., Anantharamaiah, G.M., Scott, D.R., Eldridge, J.H., tory), pp. 59–66..
81. Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991).and Myers, G. (1993). Solution structure of the V3 loop of a
Thailand HIV isolate. J. Biomol. Struct. Dyn. 11, 345–366. Improved methods for building protein models in electron den-
sity maps and the location of errors in these models. Acta Crys-61. Catasti, P., Fontenot, J.D., Bradbury, E.M., and Gupta, G. (1995).
Local and global structural properties of the HIV-MN V3 loop. tallogr. A47, 110–119.
82. Muster, T., Steindl, F., Purtscher, M., Trkola, A., Klima, A., Himm-J. Biol. Chem. 270, 2224–2232.
62. Zvi, A., Hiller, R., and Anglister, J. (1992). Solution conformation ler, G., Ruker, F., and Katinger, H. (1993). A conserved neutraliz-
ing epitope on gp41 of human immunodeficiency virus type 1.of a peptide corresponding to the principal neutralizing determi-
nant of HIV-1 IIIb: a two-dimensional NMR study. Biochemistry J. Virol. 67, 6642–6647.
83. Lee, W.-M., Monroe, S.S., and Rueckert, R.R. (1993). Role of31, 6972–6979.
63. Tolman, R.L., Bednarek, M.A., Johnson, B.A., Leanza, W.J., Mar- maturation cleavage in infectivity of picornaviruses: activation
of an infectosome. J. Virol. 67, 2110–2122.burg, S., Underwood, D.J., Emini, E.A., and Conley, A.J. (1993).
Cyclic V3-loop-related HIV-1 conjugate vaccines. Int. J. Pept. 84. Mosmann, T. (1983). Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity assays.Protein Res. 41, 455–466.
64. Zvi, A., Kustanovich, I., Hayek, Y., Matsushita, S., and Anglister, J. Immunol. Methods 65, 55–63.
85. Carson, M. (1987). Ribbon models of macromolecules. J. Mol.J. (1995). The principal neutralizing determinant of HIV-1 located
in V3 of gp120 forms a 12-residue loop by internal hydrophobic Graph. 5, 103–106.
86. Zhao, R., Pevear, D.C., Kremer, M.J., Giranda, V.L., Kofron, J.A.,interactions. FEBS Lett. 368, 267–270.
65. Zvi, A., Feigelson, D.J., Hayek, Y., and Anglister, J. (1997). Con- Kuhn, R.J., and Rossmann, M.G. (1996). Human Rhinovirus 3 at
3.0 A˚ resolution. Structure 4, 1205–1220.formation of the principal neutralizing determinant of human
immunodeficiency virus type 1 in complex with an anti-gp120
virus neutralizing antibody studied by two-dimensional nuclear Accession Numbers
magnetic resonance difference spectroscopy. Biochemistry 36,
8619–8627. The full coordinates and structure factors of the HRV14:HIV-1 V3
loop chimeric virus MN-III-2 have been deposited with the Protein66. White-Scharf, M.E., Potts, B.J., Smith, L.M., Sokolowski, K.A.,
Rusche, J.R., and Silver, S. (1993). Broadly neutralizing mono- Data Bank (entry 1K5M) to become available at the time of publi-
cation.clonal antibodies to the V3 region of HIV-1 can be elicited by
peptide immunization. Virology 192, 197–206.
67. Ohno, T., Terada, M., Yoneda, Y., Shea, K.W., Chambers, R.F.,
Stroka, D.M., Nakamura, M., and Kufe, D.W. (1991). A broadly
neutralizing monoclonal antibody that recognizes the V3 region
of human immunodeficiency virus type 1 glycoprotein gp120.
Proc. Natl. Acad. Sci. USA 88, 10726–10729.
68. Gorny, M.K., Conley, A.J., Karwowska, S., Buchbinder, A., Xu,
J.Y., Emini, E.A., Koenig, S., and Zolla-Pazner, S. (1992). Neutral-
ization of diverse human immunodeficiency virus type 1 variants
by an anti-V3 human monoclonal antibody. J. Virol. 66, 7538–
7542.
69. Conley, A.J., Gorny, M.K., Kessler, J.A., 2nd, Boots, L.J., Osso-
rio-Castro, M., Koenig, S., Lineberger, D.W., Emini, E.A., Wil-
liams, C., and Zolla-Pazner, S. (1994). Neutralization of primary
human immunodeficiency virus type I isolates by the broadly
reactive anti-V3 monoclonal antibody, 447–52D. J. Virol. 68,
6994–7000.
70. Janin, J., and Chothia, C. (1990). The structure of protein-protein
recognition sites. J. Biol. Chem. 265, 16027–16030.
71. Wilson, I.A., and Stanfield, R.L. (1993). Antibody-antigen interac-
tions. Curr. Opin. Struct. Biol. 3, 113–118.
72. Oren, D.A., Zhang, A., Nesvadba, H., Rosenwirth, B., and Arnold,
E. (1996). Synthesis and activity of piperazine-containing antirhi-
noviral agents and crystal structure of SDZ 880–061 bound to
human rhinovirus 14. J. Mol. Biol. 259, 120–134.
73. Teng, T.Y. (1990). Mounting of crystals for macromolecular crys-
tallography in a free-standing thin film. J. Appl. Crystallogr. 24,
387–391.
74. Rodgers, D.W. (1994). Cryocrystallography. Structure 2, 1135–
1140.
